Potential
Introduction
Long-term (mid-to-end of century) energy scenarios rely heavily on renewable energy sources to decarbonise and diversify our energy system [1e5] . In addition to renewable electricity, such as solar and wind power, energy from biomass will have a substantial role to play in any low-carbon energy system. It is a versatile source providing not only an option for sustainable transport fuels, but also for (industrial) heat and fuel or electricity production, as well as bio-based materials and chemicals. Estimates of the resource base have varied widely in the past, anything from zero to over 500 EJ has been reported [6] . A comprehensive and detailed
Abbreviations: GAI, gross annual increment; GHG, greenhouse gas; LIIB, low indirect impact biofuels; RF, recoverable fraction; RPR, residue-to-product ratio; SRES, IPCC's Special Report on Emissions Scenarios; SRREN, IPCC's Special Report on Renewable Energy.
In contrast, the work in this paper presents a new piece of research, assessing the potential for all land-based biomass (crops and residues) at global level but with significant country level detail, for current and long-term land-use in one comprehensive consistent framework. This is the first study that attempts to quantify global land-based bioenergy resource based on country based assessment of available land and which calculates the actually usable, final energy biofuel potential. The results of this work have been used in the recently published Shell New Lens Scenarios [3] .
The potential we identify here is a constrained technical potential, whether expressed as primary biomass or biofuels (either biodiesel or bioethanol). Constraints include sustainability, current competitive uses and accessibility. These have not been modelled explicitly but have been included in the assumptions of land availability (crops) and recoverable fraction. The competitive uses did not include increased future demands for bio-based chemicals and materials, i.e. such demands would have to be met from within the technical potential calculated here.
Methods
The analysis was performed at country level for the 55 countries, and in aggregate for the remaining countries. The 55 countries were selected to include the countries which were expected to have the largest suitable land areas for bioenergy production (based on their amount of grassland, cropland and forest) and to include enough countries in each region to cover a substantive share of that region (see Fig. 1 ). The 55 countries were grouped into 16 regions 1 and some intermediary calculations were performed at this regional level. Land area per type and productivity 2 values per crop were differentiated at country level, most other input assumptions were set at regional or global level. To verify the validity of our approach we selected four countries (Brazil, Mozambique, Russia and Kazakhstan), with potentially significant biomass potentials, spanning different regions and climatic zones, and assessed all input assumptions at country level for these four countries. This also increased the level of precision of the overall estimate.
We assessed the biofuel potential at country level separately for lignocellulosic crops food crops residues from agricultural and forestry harvesting, but linked the two approaches through a set of common scenario assumptions on land-use and productivity. This is shown diagrammatically in Fig. 2 . We describe the two approaches in the following sections.
Annual biofuel potentials were assessed for a base year (2005), and two future years (2020 and 2070). The future years were chosen to include one typical near-term year (2020) and one year half-way between this and 2100, as the results were ultimately used as inputs for a model which required projections to 2100. The land-use and crop yield projections for the future years were based on the A2, B1 and B2 IPCC scenarios in the Special Report on Emissions Scenarios (SRES) from the integrated assessment model IMAGE [21, 23] . The work presented here presents an incremental advance over other bioenergy studies based on these IMAGE scenarios [15, 16, 21] .
Additional variable assumptions with a significant impact on the final results were set in a range denoted Lowe MediumeHigh to span a range of possible values.
2.1.
Land-use and productivity scenarios Both the energy crop and residue potential calculations were based on land-use change and productivity forecasts in the IMAGE SRES scenarios [23] . The scenarios model future landuse based on changes in
Food demand (population, diet, GDP) Crop productivity (land quality, technology improvement) Increase of nature reserves or urban area (GDP, social preference, population) Demand for forestry products (GDP, population)
The scenarios are summarised in Fig. 3 . Scenarios A2, B1 and B2 were selected as the three most relevant scenarios for use in this study.
In these scenarios, changes in productivity and land-use were differentiated for the following land-(and land-use) types at regional level:
Cropland Grassland Forest area Other land In addition, we estimated which share of the cropland category above is current energy cropland and which share would change to abandoned cropland in future years as described below.
The amount of abandoned cropland in km 2 was estimated based on IMAGE model estimates of land freed up from food production needs. The amount of current energy crop area in km 2 , A energycrop (2005), was estimated using Equation (1) . ), based on [26, 27] . The current energy cropland was found to occupy around 0e5% of total cropland (depending on the region); this was kept at the same size each year and not used for the calculation of (additional) bioenergy potential. Different land types Fig. 2 e Schematic of the approach employed to assess the potential for residues and crops at country level. 
and their current and future size per country per scenario were used in the different parts of this study. The IMAGE scenarios also provided productivity growth estimates for the future; only one global value was available at the time of this study. These were used in combination with projections for wheat productivity growth by region estimated by FAO [28] , based on [29] to derive the values used in this study. The final values for annual productivity changes used in this study are shown in Fig. 4 in comparison to historic (wheat) productivity growth rates for various regions/countries from FAO. The 2005e2020 rates are a higher; the long-term rates (to 2070) are lower.
Energy crops
For each of the 55 countries, we determined a marker crop for so-called Food crops, which include food crops and other crops which are converted to biofuels in similar conversion routes, and Lignocellulosic crops based on current usage, climatic conditions and/or suitability, either based on reported literature or assumptions derived from other countries. The same crops were used in all study years. We then calculate potential in two cases, with different balances of food and lignocellulosic crops (see below). The range of crops used is shown below.
Note that in reality, the choice of crop will be highly dependent on the local situation, policy context and market conditions, e.g. the importance of minimising greenhouse gas (GHG) impacts, the value and importance of co-products, etc. The crops listed here should therefore be considered marker crops, rather than literal crop choices. The energy crop potential for each country and IMAGE scenario was calculated using Equation (2) . Rather than simply calculating the potential for each crop by multiplying its productivity with the available area in the country, we took the distribution of productivity, or quality of land, into account as shown schematically in Fig. 5 : The area in each country of the three suitable land types (grassland, energy cropland, abandoned cropland) was separated into five quality grades of equal area, according to the productivity distributions for that land type at regional level (based on IMAGE) and average productivity per country for the designated marker crop. The resulting productivity distributions were then used to exclude land quintiles below a critical productivity value from the suitable area for food crops. Table 1 shows the average productivity values for food and lignocellulosic crops and the productivity cut-off values for food crops, derived from values for current average practices, as reported in Refs. [14,23,26,50e74] . Note that the IMAGE productivity distributions were originally based on lignocellulosic crops, but were then scaled to the appropriate crop productivity.
Once the total possible crop yield for each land class had been established (per quintile) by IMAGE scenario and year, the actually available area on which this yield could be captured was determined using an availability factor. The availability factor was set at country level where possible within the scope of the study, otherwise regionally, by study year (see Supplementary information). It varied from Fig. 5 e Schematic of the approach to excluding low productivity land from food crop production based on an average productivity per country, a productivity distribution per region and a global productivity cut-off. Note that the distributions shown here are for illustration purposes only; in reality we used one distribution per region and landtype. 
0e25% for grassland to allow for competitive use of grazing and feed production, to 50e100% for abandoned cropland to allow for competitive use of infrastructure, forestry, nature reserves and market and sustainability constraints, to 100% for current energy cropland.
Given the large uncertainty in this availability factor and its important effect on the result, we used a range of values, denoted 'Low, Medium, High' to span the possible scenario space, derived from existing studies where possible [43,52,69,75e80] .
To convert the amount of plant material produced to fuel energy potential, we used a range of conversion factors depending on the crop and the end product, where each crop was mapped to one dominant end product. The conversion values ranged from 1.7 GJ/tonne to 15.7 GJ/tonne, derived from Refs. [81, 82] , and are shown in Table 2 .
The results for energy crops were reported in two 'cropping cases':
Case 1: "Maximum use of food crops" In this case, all land available and suitable for food-type energy crops is used to grow food crops. All remaining, unused, available land is then used to grow lignocellulosic crops. Primary energy potential was not calculated for food crop as reliable conversion values do not exist in the literature. Case 2: "All lignocellulosic crops" In this case, all land available is used to grow lignocellulosic crops; no food crops are grown for energy production at all. Both, final and primary energy potential is calculated for this case.
Residues
For each country the following agricultural crops and forestry residue streams were included in the analysis:
Forestry residues:
Wood primary (Wood cuttings) Wood secondary (Post-processing wood from the wood industry)
Agricultural residues from the following crops:
Additional 'hold all' crop (one of Soy, Rapeseed, Cassava, Palm Oil, Sunflower, Coffee) designed to include one other major crop per country in addition to the above which were assessed for all countries.
The residue potential for each country, IMAGE scenario and residue stream was calculated using Equation (3a) and (3b), for primary forestry residues and all other residues, respectively. a (primary forest residues):
b (all other residues):
where t ¼ Study year t (2005, 2020, 2070) LMH ¼ Range of values used, denoted 'Low, Medium, High' E(t) ¼ Bioenergy potential in year t (in final biofuel or primary energy) L(t) ¼ Land area of specific land type (cropland or forest) in year t P(t) ¼ Productivity of specific land type in year t GAI ¼ For forests, the gross annual increment, a measure of the 'natural growth of a forest, was used in combination with the recoverable fraction (RF) to estimate volume of forest residues a given hectare of forest can generate sustainably. This volume was converted to tonnes of wood based on [20, 30] . RF ¼ Recoverable fraction Eff ¼ Residue to final fuel or primary energy conversion efficiency per tonne harvested CP(t) ¼ Crop production in year t of crops from which residues are won RPR ¼ Residue to product ratio (the amount of residue produced per unit of main product in tonne/tonne).
The crop/forestry production in each study year was calculated from the production volume in the base year (2005) [26] and the relative growth of land-use and productivity for the appropriate land class from the IMAGE scenarios. The forestry residue streams were scaled with the change in forest area, the agricultural residues with productivity growth and change in cropland area. Fig. 6 shows the conversion routes for each residue stream. Residue-to-product ratios (RPR) and recoverable fractions (RF) were based on literature values for the country itself, other 7 countries in the same region, or other countries in the same climate zone, depending on data availability. RPRs ranged from 15 to 210%. 3 RFs ranged from 8% for sugarcane to 90% in secondary wood residues. The RF indicates how much of the captured residue is available for fuel production after competitive uses, logistics, legal and sustainability constraints and economic feasibility have been taken into account. See Supplementary information for full details. The gross annual increment (GAI) used for the primary forestry residues was set at the level expected for commercial species for the Medium scenario, with an uncertainty (Low/ High scenario) range based on the difference between the GAI of commercial species versus all species. All RPR, RF and GAI values were derived from Refs. [20,30e49] .
An average final energy conversion efficiency of 7.4 GJ/ tonne was applied to convert (wet) tonne of plant material to final fuel energy, based on the final fuel product being bioethanol. Note that this value excludes the weight of the food part of the plant in the denominator, i.e. it only considers the residual part of the plant. For conversion to primary energy, crop-specific values were used ranging from 7.8 GJ/tonne for palm oil to 16.5 GJ/tonne for soy.
Residues from food-type energy crops
We also report residues from food crop production. Their potential is calculated according to Equation (3b) by multiplying the food crop potential of energy crops by the relevant RPR, RF and efficiency conversion values. This calculation is only performed for energy crop potential which comes from 'new' land in future years, not for land currently used for energy production, to avoid double counting with the agricultural residues above. A final energy conversion efficiency of 7.4 GJ/tonne was used to calculate the final fuel energy potential, in line with the approach for the other residues.
Results

Total bioenergy potential
The bioenergy potential, expressed in terms of secondary biofuel energy (biodiesel or bioethanol) was calculated for both, crops and residues, at country level as described in Section 2 for the two cropping cases (Case 1 and Case 2). The results are shown in Table 3 and Table 4 for both cases, all assumption input ranges, by study year and/or scenario. Fig. 7 shows the same results graphically. The results are also split into energy crops by type, residues and residues from food crops. The total biofuel potential is found to vary significantly depending on the range of input assumptions and to increase over time, due to growth assumptions in many of the underlying parameters. The final global, annual biofuel potential (i.e. in terms of final transport fuel) in 2070 is found to range between 40 and 190 EJ (LoweHigh), averaged across scenarios. This presents a substantial increase from the (mostly untapped) 2005 total global biofuel potential of around 15e70 EJ (LoweHigh), primarily due to yield increases but also growth in the amount of abandoned cropland. For comparison, world oil demand in 2010 was 174 EJ; total liquid fuels demand for all forms of transport was 99 EJ [88] (see Section 4.4 for future demand comparisons).
Results for EU10 and EU15 were compared with other European [12, 13] and global results with global assessments [10] for 2020 and found to be in good agreement. Fig. 8 shows global results from this study, for Case 2 in 2020 and 2070, in primary energy terms, in comparison to the potential ranges reported in the IPCC SRREN report [7] for both, technical potential 4 by source and deployment potential 5 for all sources combined. It can be seen that results in the present study are in line with the ranges reported in the SRREN (which also includes other studies, though not this study, based on the IMAGE sceanarios used here). This is likely due to the fact that we tried to assess the constrained, rather than the full, technical potential here, while some of the studies included in SRREN show full technical potential.
Crop potential
The fuel potential for energy crops, grown (primarily) on abandoned cropland and grassland, was found to vary between 35 EJ (Low) to 160 EJ (High) in 2070 for Case 1, averaged across all scenarios.
Over 85% of the food crop potential in Case 1 is from starch crops, the rest from oil crops; this is determined largely by the choice of marker crop in our study.
2070 crop potential for Case 2 was found to range between 50 EJ (Low) and 140 EJ (High), averaged across scenarios.
Total potentials are very slightly higher in Case 2 across all scenarios for our Low and Medium assumption ranges, but slightly lower for the High assumption range. In Case 2 the higher productivities assumed here for (some of) the lignocellulosic crops, in comparison to (some of) the food crops, results in higher potentials from crops. The exception is found under the highest input assumptions due to the very large contribution from food crop residues in Case 1 based on high input assumptions on RF and RPR.
It is interesting to note that we find large potentials in some temperate countries, such as Russia. This potential is mainly related to the large area available, especially in 2070. In comparison, Brazil has less overall land available but yields higher potentials. Brazil is an equatorial country with higher productivities for energy crops (20e80 tonnes crop/ha) than Russia (4e8 tonnes crop/ha). The overall potentials for both countries are comparable, but it will be easier, and therefore cheaper, to capture the Brazilian potential as it will, on average, be sourced from a smaller area of land.
Residue potential
Agricultural and forestry residues which are produced following the 'advanced' conversion routes, are found to have a fuel potential of between 7 EJ and 30 EJ in 2070 (Low to High assumptions for RF, RPR and GAI), averaged across scenarios. Of this total, agricultural residues represent around 75%, forestry residues 25%. Residues thus represent between 15 and 20% of the total potential, depending on the input assumptions. It should be noted that the forestry potential may represent an overestimate of the available potential because it is based on GAI for most countries. We performed an in-depth study for Russia, where Annual Allowable Cut (AAC) was found to be a better measure of potential leading to a factor of 2 reduction in 'RPR'. This was balanced by an unrelated upward correction in RF, however, leading to an overall reduction of around a quarter. These detailed input assumptions were used for similar countries in the region (Ukraine, Estonia, Latvia and Lithuania). Repeating this exercise for all countries in a future study could lead to a downward correction of forestry potential. However, for most countries we feel GAI is a reasonable measure of available resource.
Available land
The total land area used to generate the energy crop potential in 2070 ranges from 3.7•10 6 km 2 to 13.2•10 6 km 2 (LoweHigh), which represents 3e10% of global land area. For comparison, agricultural land accounted for around 12% of total land area in 2005. The crop potential is based on three land types from the IMAGE SRES scenarios: grassland, abandoned cropland and (our estimate of) land currently used for energy crop production. Land designated as cropland, i.e. for current and future food and feed production is excluded from the calculation. Abandoned cropland is defined as cropland released from use [7] . L ¼ Low, H ¼ High end of range given. 4 'Technical potential' in the SRREN study refers to a potential which considers technical limitations of biomass production and also takes into account competing demand for land for other production (e.g. for food, feed, fibre) or non-agricultural use (e.g. human infrastructure),. 5 The term 'deployment potential', though widely used in the field, is not always clearly defined. We understand that in SRREN it is used to denote a realistically achievable production level of bioenergy in a given year, accounting not only for constraints on potentials in terms of technology, competition, sustainability and economics, but also the actual demand for biomass and its possible adoption as a source in a variety of end use sectors.
between the base year (2005) and the future study year as it is no longer needed for food or other production needs within the IMAGE model scenarios. Thus, most of the potential in 2020 and all of the potential in 2005 comes from grassland and currently used energy cropland. However, by 2070, almost half of the available land is abandoned cropland (see Fig. 9 ). This is due both to the increased overall size of abandoned cropland and the larger availability factor on abandoned cropland compared to grassland. In 2070, most of this (additional) abandoned cropland is found in Russia and China, with major contributors to the grassland area being Russia, Brazil, China, the USA and Argentina. Note that although we did not explicitly exclude protected areas in this study, we implicitly did so by setting the availability factors for grassland fairly low (0e25%). This was designed to address concerns around protection of land of high biodiversity value, as well as access and competing uses such as livestock grazing.
Discussion
Land requirements for production of energy crops
One driving factor behind the increase of potential for food crops and their residues is the relative and absolute increase in land suitable for production of food crops, shown in Fig. 5 . This is a result of the increase in the amount of abandoned cropland available based on the IMAGE scenarios (especially in 2070), as well as, for Case 1, the interplay between an increase in productivity over time, and a fixed productivity cutoff as a criterion for suitability for food crops.
It should be noted that we assumed the same productivity distributions on cropland and abandoned cropland. 6 In our assumptions these are on average 25%e200% higher than for grassland (depending on the quintile). In practice, some cropland which has been taken out of use may have lower productivity than the average existing cropland. In these cases, we may be overestimating the productivity, and thus the potential, on these abandoned croplands. Depending on the case, study year, scenario and assumption range, the share of potential on abandoned cropland can vary between 1 and 78% of our total calculated potential. If we assumed that abandoned cropland was primarily land found in the bottom two quintiles of the productivity distribution, whose productivity is between 5% and 35% lower than the average cropland productivity, this would mean an overestimate in our potential of between~0 and 28%, depending on case, study year, scenario and assumption range. We also note that the link between productivity growth and land sparing has been called into question recently, and evidence for this relationship in practice remains uncertain, including its dependence on policy drivers [6,83e85] . As discussed above, between 1% (2020) and 78% (2070) of our total potential estimate is derived from this land category, and an overestimate in the available land would thus have a related impact on our estimate of the available potential.
For completeness, we note that our approach to energy crops uses an established, but simplistic, approach which excludes any existing cropland, which remains in use for food or other production, from bioenergy production excludes future cropland as determined by the SRES scenarios from energy production includes land from grassland or cropland no longer in use for bioenergy production Alternative approaches have been suggested to make cropland available for bioenergy production:
A reduction in the~30e50% of food wasted could lead to a reduction in the cropland required to satisfy demand for food [86] . Sustainable bioenergy production approaches, such as the (LIIB) methodology [87] can generate both food and fuel from the same (crop)land.
Sensitivity to input values
The bioenergy potentials do not significantly depend on the choice of maximising food-crop bioenergy or selecting 100% lignocellulosic crops. However, this result does depend on including the (lignocellulosic) food crop residues in the total potential, as well as lignocellulosic crops on marginal land. Food crops on their own could contribute 30e80 EJ biofuels in 2070, using today's technologies (see Tables 3 and 4) . Instead, for energy crops the main parameters which have the largest uncertainty and influence the results the most are: the land-use scenarios (regional) the crop productivity the land availability the selection of crops. Fig. 9 e Available land (i.e. after applying availability factors) for energy crop production, differentiated by land type, by study year for medium assumptions in the B2 scenario. The land denoted '2005 energy cropland' is land which was already used for bioenergy production in 2005. 6 We did not have additional information from IMAGE on abandoned cropland productivities. Note that there are a variety of factors driving an increase in abandoned cropland in the IMAGE scenarios, not all are necessarily associated with lower quality soils. 
The land-use and productivity assumptions were directly based on the IMAGE scenarios, which span a range of possible futures. These scenarios are influenced by assumptions made in the IMAGE model on diets, GDP development and population growth. We have chosen these scenarios because they cover a broad range of possible futures reflecting the underlying uncertainties in all these drivers. As discussed above, the impact these drivers have on the availability of abandoned land in IMAGE is especially pertinent here.
In addition to the base year productivity assumptions, our productivity growth assumptions (see Fig. 4 ) have a bearing on the final results [6] . A reduction of these growth rates by a factor 2 would result in a reduction of potential of around 15% in our B2, Medium scenario in 2070. We have chosen our productivity growth rates to be in line with historic trends and FAO projections, with some moderation in later years. Whether or not this is overly ambitious is a matter of debate: Does slow historic productivity growth in developing countries imply slow growth in future or significant scope to 'catch up' and thus higher growth rates ahead?
The single parameter which has possibly the largest influence and the largest uncertainty, however, is the land availability. It is influenced by a number of different technical, social, economic and sustainability factors, such as access, competing use, e.g. cattle grazing, remoteness, biodiversity protection, water availability etc. We have addressed this uncertainty by using a range of values for our availability assumptions, denoted Low, Medium, High, based on available literature where possible. We have chosen input values with the aim of spanning the possible likely futures, with the Medium value chosen, where possible, at the most likely value (i.e. not necessarily at the mid-point between Low and High). We did not additionally differentiate by study year as the large uncertainty range was captured by the Low-Medium-High assumptions.
For residues, the determining parameters with the largest uncertainties were: the residue to product ratio (RPR) the recoverable fraction (RF) the selection of the five main crops by country, whose residues were assessed We again used a range of values for the input assumptions on RPR and RF, denoted Low, Medium, High, and derived these from available literature where possible. We have tried to span a reasonable range of values for these, with the Medium value representing our estimate of the most likely value, rather than the mid-point between Low and High.
Country detail
The study was performed at country level for 55 countries (chosen as likely having significant biomass resources, whilst also providing global coverage) with all remaining countries grouped into a 'Rest of World' category for simplicity. This category consisted primarily of countries in Northern, Western and Central Africa and the Middle East. The results justified this simplification retrospectively as 85% of the calculated potential was found to originate in these 55 countries, on average. The exception was the B1 scenario, where the share of the potential in the 'Rest of World' category reached 95% for some years. This is likely related to the much lower population growth and the high technology development in the B1 scenario which would lead to a larger land availability and large increase in productivity in the African countries contained in our 'Rest of the World' category. Country level results are summarised in Table 5 .
It was important to use country level assumptions for this study as even neighbouring countries in the same region may require very different assumptions. One example is given by Russia and Kazakhstan: both have a large amount of grassland. However, in Kazakhstan, a large share of this grassland is very arid, whereas a larger share of Russian grassland is suitable for energy crop production. Based on the different climatic country conditions, we chose switchgrass (yield of 2.4 tonne/ha) as a lignocellulosic crop for Kazakhstan, in contrast with Russia for which we used willow (yield of 8 tonne/ha). In addition we used much reduced land availability assumptions for Kazakhstan (0e6%) compared to Russia (5e25%). These choices had a direct impact on the resulting energy crop potential in these two countries, leading to downward revisions of estimated potentials. In contrast, similar refinements for Brazil and Mozambique resulted in increased potential estimates, primarily due to changes in productivity estimates. 
4.4.
Comparison with fuel demand
By setting the biomass energy potentials in the context of global energy demand, we find that biomass could make a substantial contribution to one or two major potential energy uses in the economy. In addition, trade in biomass will have a critical role to play in facilitating energy transitions across the world.
In our assessment, the global long-term biofuel potential is 100 EJ/a in final energy terms and~250 EJ/a in primary energy terms (2070, Medium, averaged across scenarios). In their central case, the UN project that the world's population will be 10 billion people midway through the second half of the century [89] . Divided equally, this would amount to 10 GJ/cap/a of biofuel potential in final energy terms, or 25 GJ/cap/a of primary energy. Global total consumption of energy today (2010) is~53 GJ/cap/a in terms of final energy, and~77 GJ/cap/a in terms of primary energy [88] .
How might this potential compare to future demand? Three sectors in the energy system could become major users of biomass: transport, electricity generation and feedstock use in the chemical sector (i.e. non-energy use). For estimates of future demand we draw on a diverse set of scenarios including projections relying on the forecasting approach (such as IEA's Current Policies or New Policies cases) and exploratory scenarios (such as Shell's New Lens Scenarios) as well as normative scenarios, designed to maintain a global temperature increase of less than 2 C (e.g. IEA's 450 case) and scenarios prioritising renewable energy and energy efficiency (such as the Greenpeace and WWF outlooks) [2e5]. We deliberately included a wide range of studies to span the largest possible range of futre demand scenarios. We summarise these figures in Table 6 . World average demand levels for all forms of hydrocarbon based transport fuels (i.e. excluding electricity and hydrogen) in final energy could range from~4 GJ/cap/a to 17 GJ/cap/a in the second half of the century. The majority of this demand will likely come from the heavy duty transport component within the transport sector which does not lend itself to electrification easily. Values will depend on the degree and nature of change of demand growth, efficiency improvements and changes in the vehicle energy mix. The biofuels potential of 10 GJ/cap/a could cover between 50 and 100% of this demand, depending on the demand scenario. Note that current per-capita final energy transport demand varies widely globally, from~6 GJ/cap/a in developing nations to between 25 and 80 GJ/cap/a in developed nations.
If the dominant use of biomass develops for electricity generation, then the long run primary biomass potential of 25 GJ/cap/a, at a world average, exceeds the total world average of primary carbon-based fuels used for electricity generation today (21 GJ/cap/a, 2010); OECD countries today, however, typically use between 10 and 90 GJ/cap/a. At a world level, electricity demand is projected to rise strongly in nearly all scenarios and forecasts. Projections for the scale of carbonbased fuels, however, range much more widely, being dependent upon the ability for nuclear and renewables (and indeed CCS) to grow. Forecasts and exploratory scenarios give values across a range of 5e65 GJ/cap/a in wealthier countries, but 10e25 GJ/cap/a at a world average level. The target-driven and alternative scenarios typically give world averages of 6e12 GJ/cap/a, although larger values may be consistent with 2 C if CCS was deployed even more widely.
The third major potential use for biomass is as a feedstock for materials. Such non-energy use today comprises 5 GJ/cap/ a at a world level, 10e20 GJ/cap/a across most OECD countries, and~3 GJ/cap/a in non-OECD countries where demand is growing strongly. Most groups' projections are not explicit about long run demand for non-energy use. However, the Shell scenarios [3] have world demand doubling to around 10 GJ/cap/a by around 2070.
If biomass proves to play a major role in changing energy systems in all countries, then there will be a critical need for trade. By 2070, around a third of the world's population will live in countries, such as India and Vietnam, with bioenergy potentials less than half the average global level. By contrast, only 10% of the world's population will live in countries with bioenergy potentials greater than twice the average, such as Russia and Brazil.
If demand grows in line with the higher end of the per capita demand projections given above, our estimate of crop and residue potential alone would not be sufficient to meet that demand globally, though individual countries could still fulfil their own needs. In these high fuel demand scenarios, other biomass sources, such as traditional biomass, municipal waste, sewage and possibly algae, could provide additional potential to meet requirements.
Conclusion
In summary, we have calculated the global constrained, technical potential for biofuel, in terms of biodiesel and bioethanol, for a range of input assumptions which we believe to be ambitious, yet realistic. Results are in line with other studies at global level and have given greater insight into potential developments and distributions at country. Outcomes depend heavily on input assumptions, especially land 
availability. These could be further refined at country level to yield more accurate estimates. We find a 2070 potential of 40e190 EJ in terms of final biofuel energy (130e400 EJ primary energy 7 ), which could satisfy global fuel demand under low, but not under high fuel demand projections. Alternative uses of biomass, e.g. for electricity production, or bio-based chemicals and other materials may reduce the potential available for energy use alone. Current use of biofuels stands at less than 3 EJ (final energy) (2010) meaning there is significant technical potential to develop this energy source.
Note that this work started out as a global study, adding more geographical details in each step. Our total global resource estimate has not changed much from~200 EJ in the various successive steps, but the distribution of this potential over different regions and countries has gradually evolved.
Sustainability constraints have been taken into account implicitly, by using small availability factors on land types which could host protected areas and accounting for competitive uses of residues.
